We design and realise a hybrid interferometer consisting of three paths based on integrated as well as on bulk optical components. This hybrid construction offers a good compromise between stability and footprint on one side and means of intervention on the other. As experimentally verified by the absence of higher-order interferences, amplitude and phase can be manipulated in all paths independently. In conjunction with single photons, the setup can, therefore, be applied for fundamental investigations on quantum mechanics.
We design and realise a hybrid interferometer consisting of three paths based on integrated as well as on bulk optical components. This hybrid construction offers a good compromise between stability and footprint on one side and means of intervention on the other. As experimentally verified by the absence of higher-order interferences, amplitude and phase can be manipulated in all paths independently. In conjunction with single photons, the setup can, therefore, be applied for fundamental investigations on quantum mechanics.
Interferometers comprised of multiple modes are known to enable a higher precision of phase estimation than in the paradigmatic two-mode scenario 1,2 . This benefit is often made use of in matter wave interferometry 3, 4 .
In quantum optics, several proposed schemes promise enhancements of non-classical visibilities 5 , improved phase resolution [6] [7] [8] or better resilience to photon loss 9 . In order to exhaust their full potential for precise measurements as well as for high fidelity of state manipulation, a good stability of the interferometer is paramount. Bulk-optical interferometers and solutions based on separate fibers 10 are, therefore, at a natural disadvantage compared to waveguide interferometers 11 . Moreover, such integrated solutions do not suffer from a reduction in interference contrast due to limited mode alignment at the recombining beam splitter. For many applications, however, it is also desirable to be able to switch and manipulate the interferometer. For example, multi-path interferometers with switchable transmission amplitudes are a promising platform for investigations on the foundations of quantum mechanics [12] [13] [14] [15] [16] , whereas tunable phases can be used to tailor the output state of the photons 11 . The two requirements of stability and capability for manipulation are often in conflict with each other. For example, amplitude switching can be realised in purely integrated settings via nested phase-tunable interferometers at the expense of requiring a substantial amount of independent phase shifters for multi-path interferometers. This is feasible, albeit challenging, in planar silica-on-silicon circuits 17, 18 , but well beyond the state of the art in three-dimensional fused silica waveguides 11, 19 . A possible trade-off between these goals, in principle applicable to any platform, is offered by hybrid solutions, in which parts of the interferometer are integrated, but the manipulation is performed in free space. One approach is the external modulation of the excitation proa) Electronic mail: robert.keil@uibk.ac.at b) Now at: Swarovski Optik, Absam, Austria file sent into a multi-core fiber, effectively amounting to external, tunable beam splitters 20 . Here, we present an alternative concept: A hybrid three-path Michelson interferometer, which features a fully integrated waveguide beam splitter and, thereby, intrinsically perfect mode overlap after recombination. Therefore, it overcomes limitations on the interference contrast encountered in bulk systems 15 . Amplitude switching is realised by external micro-mirrors mounted on translation stages, such that the reflection coefficients in all interferometer arms can be modulated independently. The phase is controlled by fine tuning of the mirror position. We characterise this interferometer by measuring the contrast of twopath interference and by testing for undesired systematic correlations between the transmission amplitudes of the individual mirror settings of all three paths. The latter test is performed by measuring so-called higherorder interferences 14 , which are expected to vanish in the regime of classical electrodynamics 21 . No higher-order interferences are detected, suggesting that the interferometer is free of significant systematic correlations.
A schematic drawing of the interferometer can be seen in Fig. 1 . The integrated part of the setup consists of three waveguides, individually accessible at the input face via a polarisation maintaining fiber array with 127 µm pitch. The input light (λ = 808 nm) is linearly polarised in the chip plane and power stabilised to a relative rms-noise of 0.35% over the entire duration of the experiment. The three-path beamsplitter is a linear array of the three guides with a design length z 0 = arctan √ 2 / √ 2C for the nearest-neighbour evanescent coupling rate C. This configuration leads to an equal splitting of light power when the central site is Longitudinal displacement of the mirrors is used to enable or suppress reflection (right inset). The waveguides were fabricated in a single inscription run within the splitter (drawn in blue), which facilitates evanescent coupling, whereas multiple inscription runs were used in the curved parts (red), a fabrication regime which reduces bending losses.
registered by a biased Si detector. Note that the splitter is not balanced for light arriving in one of its outer ports. Therefore, the signals reflected in the three paths will contribute to the output with different magnitudes. In order to enable interfacing to macroscopic mirrors in the free-space part of the setup the distance between the waveguides is adiabatically increased to 2 mm towards the opposite end of the chip. Low bending losses are ensured by increasing the refractive index contrast of the waveguides via fourfold inscription of their track in all curved segments. This leads to a tighter confinement of the modes, thereby, also suppressing undesired coupling before and after the splitter 25 . The effective propagation loss in all waveguides, averaged over the whole length of the chip, was measured to be 0.15(5) dB/cm.
The mirrors of this three-path Michelson interferometer are realised externally. Ceramic fiber ferrules with a flat surface, 0.6 mm in diameter at their tip were dielectrically coated with layers of TiO 2 and SiO 2 , reaching a reflectivity of 99.9% at λ. The operating principle of the switchable mirrors is illustrated in the right inset of Fig. 1: In the "on"-state the ferrule is placed very close and parallel to the chip end facet, such that practically no diffraction occurs and the light can be efficiently coupled back into the waveguide. In the "off"-state, however, the distance d is increased, such that diffraction in the gap prevents an efficient recoupling. To prevent Fresnel reflections at the chip surface, which would lead to additional interference, the gap between chip and mirror is filled with refractive index matching gel (n = 1.45). The recoupling efficiency is then solely determined by the overlap between the waveguide mode field A wg and the light field after free propagation over the distance 2d through the gel medium, A 2d (see, e.g., Ref. 26):
with transverse coordinates x and y. Fig. 2(a) shows a numerical calculation of this overlap for a diffraction of the measured waveguide mode field within the paraxial approximation (which is well met in this case). In the following experiments we have d ≈ 2 mm, which implies that the reflected signal will be reduced by about two orders of magnitude in the "off"-state. Practically, even larger switching contrasts can be expected, as the two surfaces will not be perfectly parallel, causing a lateral offset of the reflected beam increasing with d. The mechanical mounting of the mirrors is illustrated in Fig. 2(b) , with electromechanical components for coarse positioning and piezoelectric actuators for fine adjustment. All mirrors can be moved independently from one another.
To stabilise the interferometer against acoustic distortions, the waveguide chip is embedded in an aluminium housing. For passive and active thermal stabilisation, the whole setup including the mirror stage and the input/output fiber interface is shielded with polystyrene sheets and the temperature is regulated by a PI controller connected to heating mats, reducing long-term temperature fluctuations to about 5 mK. In the experiment, we run cycles with all eight combinations of mirror settings, measuring photovoltages at the detector: We denote P 0 as the voltage obtained for all mirrors in the "off"-state, P A for only mirror A being in the "on"-state, P AB for mirrors A and B in the "on"-state, but C in the "off"-state, etc. The order of these settings is permuted randomly from cycle to cycle to eliminate influences of drift processes on the relative distribution of the voltages. For all settings, the detector averages over 30 s of signal and an average idle time of 3 min was introduced after each switching to account for mechanical inertia in the setup, likely arising from the mirror mounts.
In order to characterise the coherence of the interferometer, one can exploit the fact that repositioning the mirrors without piezo control is sufficiently coarse to randomise the phase. Therefore, a repeated switching of the mirror settings allows to explore the entire phase space of the interferometer. In particular, the two-path interference should cover the whole range between fully constructive and fully destructive interference, i.e., for paths A and B
. Reductions in this interference contrast can then be attributed to a deteriorated coherence. In total, 322 measurement cycles were performed within 164 hours. The single-path data resulting from terms P A , P B , P C was filtered for outliers (as in the absence of interference one can confidently assign values strongly deviating from the mean to mechanical switching failure, which occur with 2% probability in this setup) via Grubb's method
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(significance level 95%), leaving a data set of 304 complete trials for further analysis. Fig. 3 (a) shows this data for the interference between paths A and B. The two single path-terms (cyan and magenta) decrease only slowly during the duration of the experiment (relative drift ≈ −0.07 %/h), indicating the good long-term stability of the setup. The two-path term P AB is distributed over a wide interval of values (orange points). From the difference between two-path and single-path measurements one can reconstruct the interference term
for all cycles. Its normalised versionĪ AB ≡ I AB / 2 √ P A P B (the cosine of the phase difference between the two paths) is plotted in Fig. 3(b) , demonstrating that both extremes of fully constructive and fully destructive interference are reached. For a fully coherent process and a uniform distribution of phases one would expect Ī AB = 0 and σĪ AB = 1/ √ 2 for the mean and standard deviation of the interference terms. Here, one finds from the data Ī AB ≈ 0.02 ± 0.04 and σĪ AB ≈ (1.01 ± 0.04) / √ 2, with the error intervals corresponding to one standard error of mean and standard deviation, respectively. This is in full accordance with the aforementioned expectations and one can, therefore, conclude that a degree of coherence near unity is reached between these paths.
In a next step, we let all three paths contribute to the interference. One can show straightforwardly from Poynting's theorem relating power and field amplitude of transverse waves P ∝ |E| 2 and the superposition principle that interference in such a multi-path interferometer must occur in pairs of paths, that is:
with two-path interference terms, as defined in (2) . Taking into account the background voltage P 0 , the following quantity must vanish:
In the context of quantum mechanics and its possible extensions, 3 is referred to as second-order interference and can be used as a probe to test generalised interference theories [13] [14] [15] [16] 28 . Here, the absence of 3 is implied by electrodynamics 21 and will be used for a consistency check of the interferometer. Note that 3 = 0 must hold also in the presence of non-vanishing reflected signals in the "off"-state of a mirror. We calculate 3 for all measurement cycles and normalise it by the sum of all regular two-path interference terms δ 3 = |I AB | + |I AC | + |I BC | to produce a quantity which is independent of input power and coherence. Note that individual measurement results can produce large deviations from zero, due to the random phases of the interferometer in the individual mirror settings. One can show from theoretical considerations, however, that the expectation value of 3 stays zero, regardless of the magnitude of such phase fluctuations. The only notable exception to this rule would be produced by correlations between the reflectivity and phase of a mirror with the settings of the other mirrors, as such correlations would lead to cross-talk between the paths of the interferometer and bias the second-order interference term 16 . The measured distribution of 3 is plotted in Fig. 4(a) . Indeed, one obtains a normalised mean value of 3 / δ 3 = −0.01 ± 0.05 (the uncertainty being one standard error of mean) from the experimental data. This strongly suggests that the reflected signals from all paths interfere in a consistent manner and no significant cross-talk exists.
Finally, we demonstrate the phase-tunability in the hybrid interferometer. To this end, mirrors A and B are brought into the "on"-state and the piezo crystal on mir- ror A is subjected to a linear and periodic voltage ramp between 0 and 100 V (blue curve in Fig. 4(b) ), sweeping the relative phase between interferometer arms A and B. The measured output signal P AB (magenta) follows this drive and oscillates between constructive and destructive interference. The whole voltage range corresponds to about 2.5 periods of oscillation, equivalent to 1.25λ/n ≈ 700 nm mirror displacement. This shows that any point in phase space can be reached by the piezo stacks in a repeatable way. The slower response immediately after the extrema of the voltage curve, where the piezo crystal expansion switches direction, arises from hysteresis of the piezo and is amplified by the aforementioned mechanical moments of inertia. In experiments requiring stabilisation around a single phase one would avoid this issue by picking a mid-range voltage and, if necessary, using closed loop operation.
In this work we presented a hybrid freespace-integrated multi-path interferometer. The beam splitter of this Michelson interferometer and practically the entire optical path length are embedded in intrinsically stable and alignment-free optical waveguides, whereas only the mirrors are implemented with bulk optics. The setup provides full control over path transmissions and phases with good long-term stability and a high degree of coherence. The absence of significant second-order interference is strong evidence for the mutual independence of the path settings. Vice versa, when operated with heralded single photons, the setup can be applied towards fundamental tests of quantum mechanics in a much more compact setting than bulk interferometers. While being free of systematic errors on the current level of precision, that precision still falls short of the state of the art 16 . A large part of this imprecision arises from the fact that each amplitude switching by mirror translation also affects the relative phase between the paths. An improved version of the hybrid interferometer would, therefore, aim at decoupling transmission and phase switching from each other. One possibility would be a Mach-Zehnder configuration with cavities, e.g. etched into the glass after laser structuring 29, 30 , into which shutters and phase shifters can be inserted separately. This would have the additional benefit of smaller moving masses and, therefore, higher feasible switching rates. As an upgrade to the present system, one could further use micro-scanning mirrors for faster operation. Due to shot noise in the single photon regime, the precision will also depend on the signal throughput. This can be improved by operating in the telecom band with superconducting detectors 31 or utilizing materials with higher integration density and, therefore, shorter propagation lengths 17, 18 . Note that detector nonlinearities as studied in Ref. 32 bias the result in the order 10 −6 , hence playing no role at the present level of precision, will eventually have to be taken into account in future experiments. Finally, owing to their good coherence properties, hybrid multi-path interferometers with improved precision may also be used to test for hypercomplex generalisations of quantum theory 12, 33 . 
